Introduction
============

*Fusarium* represents a complex fungal genus inhabiting a vast range of different ecological niches and is often found in associations with plants ([@B87]). A set of plant-associated *Fusarium* species include some of the most important plant pathogens worldwide causing the disease complexes Fusarium ear rot (FER) in maize (*Zea mays*) and Fusarium head blight (FHB) in several small-grain cereals, such as wheat (*Triticum aestivum*) and barley (*Hordeum vulgare*) ([@B67]; [@B16]; [@B81]). The danger of both FER and FHB epidemics is not only due to the severe yield losses they cause but also because of the contamination of grains with harmful mycotoxins, which might devastate entire harvests ([@B9]; [@B58]; [@B71]; [@B92]). Hence, *Fusarium* constitutes not only a severe threat to plant health but also to food and feed safety and sustainable agricultural production.

For several reasons, it is of great agronomical importance to understand the structure of *Fusarium* communities. First, the FER and FHB disease complexes are caused by 15--20 different species, where usually more than one species are simultaneously found in individual grain samples ([@B100]; [@B99]). Important causal species of FER in maize are *Fusarium graminearum, F. verticillioides, F. proliferatum*, and *F. subglutinans* ([@B16]; [@B21]; [@B87]), while the main causal species for FHB include *F. graminearum*, *F. culmorum*, *F. poae* and *F. avenaceum* ([@B67]; [@B100]). Additionally, it is important to note that different *Fusarium* species differ significantly in their response to diverse environmetal conditions and to particular agricultural practices ([@B24]; [@B99]). Finally, disease severity and also the type and amount of mycotoxin production depends on the identity of *Fusarium* involved, as species vary substantially in their aggressiveness, host range and mycotoxin proflies ([@B9]; [@B91]; [@B86]). Thus, revealing the composition of the *Fusarium* community is important to understand its agro-ecological impact and finally to develop effective control measures ([@B99]).

The genetic diversity within the *Fusarium* genus is complex, exhibiting high genetic variablity within morphologically defined species ([@B47]; [@B64]). A comprehensive molecular study revealed that most of the species within this genus could be resolved into monophyletic species complexes that consist of multiple morphological cryptic species ([@B62]). Hence, the phylogenetic relationship among *Fusarium* species remains unclear and the construction of a reliable taxonomic system based on the combination of morphological, molecular, toxicological, and biological traits is needed ([@B46]; [@B97]). In the present study, we are using a species definition which is based on the morphological species concept. Thus, *Fusarium* species are defined in a broader sense and we do not differentiate between cryptic species within given species complexes. We therefore refer in the following to species as *sensu lato* (*s.l.*).

Suitable tools to identify and quantify *Fusarium* communities are limited. The assessment of *Fusarium* is traditionally performed employing so-called seed health tests (SHTs; [@B20]; [@B92]; [@B35]), which are cultivation-based assays on agar media making use of species-specific morphological characteristics. However, this approach is laborious and only applicable if highly experienced and specialized personnel is available ([@B88]). On the other hand, molecular detection of *Fusarium* is often based on species-specific real-time quantitative polymerase chain reactions (qPCR; [@B30]; [@B96]; [@B34]; [@B25]). qPCR assays allow a precise quantification of *Fusarium*, but are restricted to a limited number of species. The state-of-the-art technique for molecular identification of fungal communities is high-throughput amplicon sequencing providing relative abundances of operational taxonomical units (OTUs; [@B49]). A major drawback of high throughput sequencing approaches is that they often fail to resolve microbes on species levels ([@B26]). So far, only one high-throughput sequencing approach is available able to resolve *Fusarium* fungi down to morphological species level ([@B38]). However, this approach is restricted to the genus *Fusarium* because it uses taxon-specific primers. The use of universal fungal primers has many benefits over taxa specific approaches because other fungi (including a wide range of fungal pathogens) can be detected at the same time providing important additional information. Also, commensal plant-associated fungal communities can interact with pathogens, thus determining their infection success ([@B7]; [@B1]). Hence, sequencing tools that simultaneously capture pathogens (e.g., *Fusarium*) and non-pathogenic fungi can provide additional information and might thus contribute to the search for beneficial plant-associated fungi with potential bio-control activity.

In the present work, we are aiming to develop a sequencing based community profiling methodology enabling the detection of *Fusarium* down to morphological species level in the frame of a universal fungal approach. Most promising loci for a sequence-based identification of *Fusarium* taxa are the translation elongation factor 1α, β-tubulin, and the largest subunit of RNA polymerase ([@B4]; [@B66]). However, these loci are less practical for a universal approach as available primers for such markers usually amplify a narrow taxonomic range ([@B80]). More suitable for a universal fungal target locus appears to be the nuclear ribosomal operon, particularly its internal transcribed spacer (ITS; [@B80]; [@B49]). Although the ITS segment is highly variable, it lacks species-level resolution in some fungal groups including *Fusarium* ([@B61]; [@B102]; [@B75]). In addition, paralogous sequences for the ITS segment were found within *Fusarium* species, with the consequence that the ITS segment is not always reflecting the *Fusarium* phylogeny ([@B95]; [@B60]). The segment at the 3′-prime end of the large subunit (LSU) of the ribosomal operon including the highly variable segments D1 and D2 (D1--D2) ([@B59]) provide a valid alternative. The D1--D2 segment was also used to distinguish among *Fusarium* species ([@B32]; [@B33]). However, it has been shown that the D1--D2 segment on its own was not able to resolve *Fusarium* taxa down to species or isolate level ([@B65]). The combination of the highly variable ITS and D1--D2 segments has been tested as well, but showed an inferior performance than other loci ([@B63], [@B64]).

Nonetheless, as the ribosomal operon offers some indisputable advantages for the sequencing based assessment of fungi over the whole kingdom, we aimed to explore this possibility based on the analysis of a large amplicon spanning the entire ITS and the D1--D2 segment of the ribosomal operon using single molecule real time (SMRT) sequencing methodology. SMRT sequencing presents a valid technology for high-resolution community sequencing of bacteria and fungi ([@B28]; [@B76]; [@B78]; [@B83]; [@B90]). We hypothesized that such an approach will permit the description of *Fusarium* communities down to morphological species level.

The goal of this study was the development of a sequencing-based methodology that robustly quantifies known *Fusarium* in the phyllosphere, including shoots and grains, of different plant species. To achieve this aim, we first examined the ribosomal operon for a suitable marker region to discriminate *Fusarium* identities based on a set of morphologically validated species and isolates. We then evaluated four PCR primer combinations to capture the taxonomic breath of *Fusarium* taxa and how accurately they quantify them. Subsequently, we successfully validated the diagnostic power of the new methodology in several samples of different crops in comparison to sequencing-independent and cultivation-based SHTs. Finally, we applied the new sequencing-based methodology to a test case under field conditions. We monitored *Fusarium* species in a field experiment investigating the effect of different cover crops and tillage regimes to get insights on the dispersal of FHB causing species along a wheat-maize crop sequence. Both tillage and cover crops can have a substantial impact on plant yield ([@B98]) and on the dispersal of *Fusarium* species ([@B18]; [@B24]; [@B29]). Thus, the potential agronomic benefits of cover crops and reduced tillage systems can only become effective if their phytopathological risks for crop sequences are thoroughly assessed.

Materials and Methods {#s1}
=====================

Analysis of Ribosomal Operon Sequences of Swiss *Fusarium* Isolates
-------------------------------------------------------------------

Forty-four isolates belonging to 14 different *Fusarium* species based on morphological characterization reflecting the diversity of FHB causing species in Switzerland were selected to survey the genetic variability of the ribosomal operon (ITS, LSU) among the genus *Fusarium* (Supplementary Table [S1](#SM3){ref-type="supplementary-material"}). The single conidia isolates were collected in the frame of a Swiss *Fusarium* monitoring effort ([@B21]; [@B93]; [@B81]). Fungal mycelium was used for DNA extraction (see Supplementary Methods for details). Ribosomal operon sequences of the 44 *Fusarium* isolates were obtained by amplification with the PCR primer pair *ITS1F* and *LR6* (Supplementary Table [S2](#SM3){ref-type="supplementary-material"} for references), spanning the entire ITS region and the highly variable segments D1, D2 and D3 of the LSU, and subsequent Sanger sequencing (Microsynth AG, Balgach, Switzerland; see Supplementary Methods for details).

Based on these Sanger sequences, we evaluated the entire amplicon of *ITS1F* and *LR6* region and additionally the ITS and the D1--D2 segment on its own for their suitability to discriminate the *Fusarium* isolates at the morphological species level (**Figure [1A](#F1){ref-type="fig"}**). The different segments of the ribosomal operon were extracted *in silico* with flexbar ([@B19]) using for the ITS segment the PCR primers *ITS5* and *ITS4*, and for the D1--D2 segment of the LSU region the primers *LR0R* and *LR3* (see Supplementary Table [S2](#SM3){ref-type="supplementary-material"} for details and references, **Figure [1A](#F1){ref-type="fig"}**). We clustered the sequences for each operon segment and defined OTUs at similarity levels of 100% using USEARCH (see below). For each segment, we report the taxonomic resolution among the 44 isolate sequences (**Figure [1B](#F1){ref-type="fig"}**). Utilizing the full-length operon, we found 23 unique sequences among the 44 tested isolates. The sequences determined in this study were deposited in GenBank (Accession Numbers: [MG274294](MG274294)-[MG274317](MG274317)).

![Phylogenetic diversity and taxonomic clustering of 44 Swiss *Fusarium* isolates. **(A)** Primer binding at the ribosomal operon used to defined different segments: *ITS1F* and *LR6* (used in this study) for the ITS-LSU, *ITS5* and *ITS4* for the ITS, and *LR0R* and *LR3* for the D1--D2 segment. **(B)** The tree was constructed using the UPGMA method based on the partial sequences of the ribosomal operon amplified by the primer pair ITS1F and LR6 (∼1.6 kb). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. The distances were computed using the Jukes-Cantor method in MEGA7 ([@B89]). *Microdochium majus* was used as outgroup. Fine dashed lines indicate sequence differences among isolates. Gray bars indicate clusters computed by USEARCH with a similarity threshold of 100% using different segments of the ribosomal operon (ITS-LSU, ITS, LSU). Stars above isolate names mark sequences which were considered for the *Fusarium* sequence reference dataset. Bold dashed lines indicate isolates binned into the same *Fusarium* OTU by the method introduced in the present study. Orange circles highlight superior clustering of the ITS-LSU segment compared to ITS and LSU on its own.](fpls-08-02019-g001){#F1}

Performance of Different Primer Pairs
-------------------------------------

Initially, different primer pairs were tested for their *Fusarium* community profiling performance on three different test samples. The three test samples included maize grains infected by *Fusarium graminearum*, shoot material of winter wheat and a composite sample of co-occurring weeds sampled on the OSCAR field experiment (see below for details). Maize grains were dried with forced air at 32°C for 3 days and ground to a fine powder with a sample mill (Cyclotec, 1093, IG AG, Zurich, Switzerland). Leaf samples were washed after harvest with a PBS-S buffer (130 mM NaCl, 7 mM Na~2~HPO~4~, 3 mM NaH~2~PO~4~, pH 7.0, 0.02% Tween 20), two times for 20 min on a platform shaker at 120 rpm to remove microbes that are weakly associated. Samples were dried with laboratory grade tissue papers, lyophilized for 48 h and ground in a ball mill (Retsch MM200 mixer mill, Retsch GmbH, Hann, Germany) for 1.5 min with 30 Hz. DNA was extracted from the three different samples using Nucleo spin lysis buffer PL1 for 15 min at 65°C followed by the Nucleo spin plant II extraction kit protocol (Macherey & Nagel, Düren, Germany), and was used as template for PCR with the following primer combinations; *ITS1f:LR5, ITS1f:LR6, fITS7:LR5 and fITS7:LR6* (Supplementary Table [S2](#SM3){ref-type="supplementary-material"}). Amplicons were analyzed with PacBio SMRT sequencing (details are described below).

DNA Extraction, PCR Cycling and SMRT Sequencing for Community Profiling
-----------------------------------------------------------------------

Fungal or plant material (∼20 mg dry weight) was used for DNA extraction (Nucleo spin plant II extraction kit, Macherey & Nagel, Düren, Germany). The DNA samples were amplified by different primers targeting the ITS region and the 5′-end of the LSU as indicated above. The forward and reverse primers were synthesized with a 5-nucleotide-long padding sequence followed by barcode tags at the 5′-end to allow multiplexing of samples within a single sequencing run. Details of PCR and purification are described in Supplementary Methods. Library preparation and SMRT sequencing were conducted at the Functional Genomics Centre Zurich^[1](#fn01){ref-type="fn"}^ on the PacBio^®^ RS II Instrument (PacBio, San Diego, CA, United States).

Sequence Data Processing
------------------------

The sequence data processing was mainly conducted following the pipeline established by [@B76] and is described in detail in the Supplementary Methods. In brief, the SMRT Portal was used to extract from the raw data (available from the European Nucleotide Archive, study accession number: [PRJEB23144](PRJEB23144)) the circular consensus sequences (CCS) of at least five passes yielding in similar error rates as 454 or MiSeq sequencing platforms ([@B76]). Subsequently, the CCS reads were quality filtered in mothur (v.1.35.0; [@B79]). Quality reads were demultiplexed based on the barcode-primer sequences using fexbar ([@B19]).

QIIME 1.8 ([@B11]) was used for further downstream read processing. *De novo* chimera detection was performed on quality reads using UCHIME ([@B23]). Reads were clustered into OTUs according to the open reference protocol using UCLUST ([@B22]) within QIIME applying a sequence similarity threshold of 98%. This involves first clustering reads against the hand-curated *Fusarium* reference sequence dataset composed of the 23 unique *Fusarium* full-length amplicon sequences (see above). The reads clustered to the *Fusarium* reference dataset were subsequently binned to *Fusarium* OTUs with a custom R code (**Figure [1B](#F1){ref-type="fig"}**; see Supplementary Data). Reads that failed to assign to the reference dataset were clustered *de novo* into OTUs with UCLUST. OTUs of low abundance (less than 0.1% global abundance and less than 0.5% abundance within a specific sample) were removed from the data set yielding in a data set of abundant community members only. *Fusarium* and *de novo* OTUs were classified taxonomically against the UNITE database ([@B42]) and against the fungal LSU training set of the Ribosomal Database Project (RDP) ([@B12]). The OTU and taxonomy tables were filtered to exclude OTUs classified as non-fungal. Results of mock communities were used to define optimal settings for quality filtering, demulitplexing and cut-off for low abundant OTUs ([@B8]).

Evaluation of *Fusarium* Community Profile Performance
------------------------------------------------------

The sequence based *Fusarium* community profiling method was evaluated by three different approaches; (i) by determining artificial *Fusarium* mock communities, and by comparing sequence-based profiling to the assessment of *Fusarium* communities with the cultivation-based seed health test (SHT) in different field samples of (ii) Swiss *Fusarium* monitoring and (iii) of a *Fusarium*-inoculation field experiment.

Mock communities were composed of ten *Fusarium* species *s.l.* and isolates: *F. avenaceum* (0379), *F. crookwellense* (0825), *F. culmorum* (11132), *F. equiseti* (00505), *F. equiseti* (10015), *F. graminearum* (0410), *F. langsethiae* (0420), *F. poae* (0338), *F. sporotrichioides* (07010) and *F. verticillioides* (05007; Supplementary Table [S1](#SM3){ref-type="supplementary-material"}). *Fusarium* isolates were chosen to represent the expected phylogenetic diversity of *Fusarium* fungi associated to small-grain cereals and maize in Swiss agro-ecosystems ([@B21]; [@B92]). Additionally, closely related isolates \[e.g., *F. equiseti* (05005) and *F. equiseti* (10015), or *F. crookwellense* (0825) and *F. culmorum* (11132), **Figure [1B](#F1){ref-type="fig"}**\] were included to test for resolution power. Two different types of mock communities were assembled; (i) all species were added at equal concentrations resulting in the equal mock community, or (ii) species were added in three difference concentration ratios, i.e., *F. culmorum* (11132) and *F. langsethiae* (0420) were ten times higher, and *F. equiseti* (10015) and *F. graminearum* (0410) were ten times lower concentrated as the remaining six isolates in the staggered mock community.

In SHTs, *Fusarium* species *s.l.* from grain samples are determined based on species-specific morphological characteristics (see details in Supplementary Methods). Briefly, 100 surface-sterilized grains were plated on potato dextrose agar, after 7 days of incubation at 19 ± 1°C with a photoperiod of 12 h dark/12 h near-UV light, *Fusarium* species colonizing the grains were identified using morphological characteristics according to [@B57] and [@B48]. Results are presented as incidence of each *Fusarium* species expressed in percentage.

To evaluate the community profile methodology in an experimental environment, we re-assessed *Fusarium* communities previously profiled with SHT in a winter wheat field experiment where plots were or were not artificially inoculated with *F. poae* conidia. Treatments consisted of inoculations with a water-based conidial suspension of *F. poae* with Tween 20^®^ or with Tween 20^®^ alone, serving as the control treatment. Each treatment was replicated four times. Plots were combine-harvested and the grains were passed through a grain cleaning machine. To obtain a representative subsample, grains for the STHs were passed through a mechanical grain divider (detailed information regarding the *Fusarium* inoculation field experiment is available in the Supplementary Methods).

Finally, we used 15 additional samples of winter wheat, maize and barley to compare the *Fusarium* communities assessed by SHT to the community profile based on sequencing (Supplementary Table [S3](#SM3){ref-type="supplementary-material"}). Winter wheat and barley samples originate from commercial samples of Swiss farmers taken in the frame of the Swiss *Fusarium* monitoring. Maize samples originate from a maize variety trial at Agroscope. Grains of all three crops were passed through a grain-cleaning machine and randomized using a grain divider.

*Fusarium* Diversity and Distribution along a Wheat-Maize Crop Sequence
-----------------------------------------------------------------------

The investigations on diversity and distribution of *Fusarium* along the crop sequence were within an OSCAR field trial during the growing years 2014 and 2015 (details on the OSCAR field trial is available in the Supplementary Methods). The field experiment exhibiting a wheat-maize crop sequence was arranged in a strip-split-plot design with four replicates. On the main plots, two different tillage intensities were applied: (i) conventional inversion tillage by mouldboard plowing (ct) and (ii) no-tillage (nt), both employed before maize sowing in the second year of each experiment. In addition, each main plot was divided into four sub plots where the cover crop treatments were applied: (i) subterranean clover (*Trifolium subterraneum*) undersown in winter wheat and re-sown after wheat harvest ("clover"), (ii) hairy vetch (*Vicia villosa*) as legume cover crop ("vetch"), (iii) oilseed radish (*Raphanus sativus*) as non-legume cover crop ("radish"), and (iv) fallow ("control").

Winter wheat (*Triticum aestivum*) was sown either as pure crop (vetch, radish and control cover crop treatments) or intercropped with subterranean clover (clover treatment). After wheat harvest, all three winter cover crops (clover, vetch and radish) were sown. In the next spring (end of April/begin of May), cover crops were either terminated by tillage (ct) or by applying glyphosate in the nt treatment. Maize (*Zea mays*) was then sowed in the end of May.

For winter wheat residues and cover crop shoots, five subsamples were taken on 16 plots (in a W-scheme) and pooled in April 2015. Cover crop samples were composed of shoot material of the cover species (clover, vetch or radish) or of a composite sample of weeds present on the control plot. All cover crop samples were washed with PBS-S buffer as described above. Residue and cover crop samples were lyophilized for 48 h and ground in a ball mill for 1.5 min with 30 Hz for DNA extraction. Maize grains were harvested in two rows along 7 m length each with an adapted plot-sized combine harvesters. Maize grains were dried at 60°C, grinded and used for DNA extraction. The DNA samples served as templates for PCR with the primer pair *ITS1f:LR6* (Supplementary Table [S2](#SM3){ref-type="supplementary-material"}). Amplicons were subsequently analyzed with SMRT sequencing as described above.

Statistical Analysis
--------------------

All analyses were performed using R ([@B69]), and the specific R and Bioconductor packages (as indicated below). Abundance of individual taxa was normalized by the sampling depth of each sample and expressed as percentage relative abundance. The correlation between *Fusarium* communities determined by sequencing and by SHT was tested using Spearman rank order correlation.

Rarefaction analysis was performed in QIIME on the by abundance filtered OTU table (exported from R for this purpose) and on the original OTU table (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). The analysis of α- and β-diversity along the crop rotation in the OSCAR field trial were performed on rarefied samples using the Bioconductor package phyloseq ([@B53]). Differences in α-diversity measures (OTU richness and Shannon Index) were tested using One- or Two-way ANOVA implementing the factors *sample type*, *cover crop* and *tillage* if applicable for the group of samples (the first only for comparison over all sample types, the latter only for maize grain samples). To quantify the major variance factors of β-diversity along the crop rotation, we performed a multivariate analysis of fungal diversity including a testing for the experimental factors by permutational analysis of variance (PERMANOVA) followed in case of significant effects by a constrained canonical analysis of principal coordinates (CAP; [@B2]). Finally, a characterization of the taxa responsible for the multivariate patterns based indicator species analysis was performed ([@B14]). All *p*-values were adjusted for multiple testing with the FDR correction using the Benjamin--Hochberg method ([@B6]).

Results
=======

Taxonomic Resolution among *Fusarium* Species Based on the Ribosomal Operon
---------------------------------------------------------------------------

In a first step, we evaluated *in silico* different segments of the ribosomal operon to define the marker region for best possible discrimination among *Fusarium* isolates at species level. The combined use of ITS and LSU offered a higher resolution compared to single segments (**Figure [1B](#F1){ref-type="fig"}**). The ca. 1.6 kb long segment spanning the entire ITS segment and the highly variable segments D1, D2, and D3 of the LSU could separate 23 unique sequences and differentiate 13 out of 14 *Fusarium* species *s.l.* tested. Only the species *F. avenaceum* and *F. tricinctum* were not discriminated properly and thus clustered into the same *Fusarium* OTU (referred to as '*F.ave/tri*'). Moreover, we identified two distinct sequence groups in various isolates of *F. equiseti* that are all classified as one species using morphological characteristics. Overall, the 44 tested Swiss *Fusarium* isolates clustered into 14 distinct *Fusarium* OTUs with the new methodology. While the combined ITS-LSU segment discriminated *Fusarium* species correctly to morphological assessed species boundaries, the single ITS or D1--D2 segments were insufficient to resolve on this level (**Figure [1B](#F1){ref-type="fig"}**). The ITS segment failed to separate *F. graminearum* and *F. culmorum*, and *F. subglutinans* and *F. verticillioides* isolates. The D1--D2 segment failed to discriminate *F. crookwellense* and *F. culmorum*, and *F. proliferatum* and *F. subglutinans*. Moreover, the ITS segment on its own showed clusters not adherent to morphological assessed species boundaries and thus failed to group all isolates of a single species into the same OTU (e.g., see clustering of *F. graminearum and F. crookwellense* or of *F. subglutinans* and *F. verticillioides*; **Figure [1B](#F1){ref-type="fig"}**). Based on these results, we decided to move forward with an amplicon spanning the entire ITS region and highly variable parts of the LSU (D1, D2, and D3) to profile *Fusarium* communities with the highest resolution based on the ribosomal operon segments considered.

Validation of *Fusarium* Abundance As Revealed by Community Quantification
--------------------------------------------------------------------------

We tested four different PCR primer pairs for the development of a sequencing-based method to measure *Fusarium* communities. We describe the corresponding sequencing effort in Supplementary Table [S4](#SM3){ref-type="supplementary-material"} (Library Mthd1). We compared the primers for their specificity to amplify fungi and their coverage of the genus *Fusarium* on three different sample types; maize grains heavily infected by *Fusarium*, shoot material of winter wheat and a composite sample of co-occurring weeds. The primer's specificity to amplify fungal signals was highly dependent on the forward primer and sample origin (Supplementary Figure [S2A](#SM1){ref-type="supplementary-material"}). In the maize grain and wheat shoot samples, all reads were assigned to the fungal kingdom by both forward primer, however, in the composite weed sample a substantial number of plant sequences were detected. Regardless the reverse primer used, pairs including *ITS1F* amplified less than 2.5% plant reads, whereas primer pairs including *fITS7* amplified up to 44% plant reads (Supplementary Figure [S2A](#SM1){ref-type="supplementary-material"}). The taxonomic analysis at genus level revealed differences between tested primer pairs in their coverage of the genus *Fusarium* (dark red; Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"}). In the weed composite sample, only primer pairs including the reverse primer *LR6* were able to detect *Fusarium* OTUs. Similarly, in the winter wheat sample, only the primer pair *ITS1f:LR6* was able to detect *Fusarium* OTUs (dark red; Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"}). Overall, the primer pair *ITS1f:LR6* showed highest fungal specificity in combination with the best coverage of *Fusarium* taxa and was therefore chosen for further analysis.

In a next step, we confirmed the method's technical reproducibility by comparing three replicated profiles of the same sample (see Supplementary Results for details; Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}) and assessed accuracy in reproducing pre-defined *Fusarium* mock communities (**Figure [2](#F2){ref-type="fig"}**). The artificial mock communities consisted of DNA mixtures of ten *Fusarium* isolates, which were either assembled in even ratios or with a staggered distribution. In general, the sequencing profiles of the tested mock communities reflected well the expected abundances of the mixed *Fusarium* (**Figure [2](#F2){ref-type="fig"}**). For the even mock community, an average OTU abundance of ten per cent would be expected for each of the ten *Fusarium* isolates (**Figure [2A](#F2){ref-type="fig"}**). The measured mean OTU abundances did not differ more than around twofold from the expected values (*rho* = 0.7, *p* = 0.02). The OTU *F.gram* was consistently overrepresented, whereas the OTUs *F.vert, F.poae, F.equi_1*, and *F.ave/tri* tended to be underrepresented. In the staggered mock community, the two most abundant OTUs *F.cul* and *F.lang* corresponded to the enriched DNA templates, while only one of the two OTUs (*F.equi_2*) with a reduced DNA concentration belonged to the two rarest OTUs (*rho* = 0.61, *p* = 0.06; **Figure [2B](#F2){ref-type="fig"}**). We noted again that the OTU *F.gram* was overrepresented compared to the expected value and this was also true for the OTU *F.crook*. Overall, the test revealed a reliable display of the artificial *Fusarium* communities.

![Community profile of *Fusarium* mock communities. Ranked mean OTU abundances (±SE, *n* = 3) of **(A)** even and **(B)** staggered mock communities composed of ten different isolates (*F. avenaceum, F. crookwellense, F. culmorum, F. equiseti* (two isolates), *F. graminearum, F. langsethiae, F. poae, F. sporotrichioides, F. verticillioides;* Abbreviation of *Fusarium* OTUs as described in **Figure [1](#F1){ref-type="fig"}**). In the even mock community, the *Fusarium* isolates were equally represented in the template mixture. In the staggered mock community, the isolate of the species *F. culmorum* (*F.cul*) and *F. langsethiae* (*F.lang*) were ten times higher concentrated and an isolate of *F. equiseti* (*F.equi_2*) and *F. graminearum* (*F.gram*) were ten times lower concentrated as the remaining six isolates. Light gray bars indicated expected abundances.](fpls-08-02019-g002){#F2}

In a further step, we compared the performance of the sequence-based *Fusarium* profiling with the cultivation-dependent SHT. To this end a total of 23 field samples were assessed with both methods. Eight of these samples originated from a field experiment with wheat, where *F. poae* was inoculated and we found highly significant correlations between the abundance of *Fusarium* taxa assessed by the two different methods in control and inoculated treatments (**Figures [3A,B](#F3){ref-type="fig"}**). Both methods revealed that in the control treatment *F. graminearum* was the most abundant *Fusarium* taxon detected, although its incidence was rather low, and other fungal OTUs showed higher relative abundances (**Figure [3A](#F3){ref-type="fig"}**). In the inoculated samples, both methods determined a heavy infection with *F. poae* as reflected in a high incidence score and high relative abundance of the OTU *F.poae* (**Figure [3B](#F3){ref-type="fig"}**). For the other tested samples, including grain samples from barley, maize and wheat, we also found sound correlations between *Fusarium* taxa determined by SHT or sequencing with a mean Spearman's *rho* of 0.78 ± 0.05 (mean ± SE, *n* = 15; **Figure [3C](#F3){ref-type="fig"}**). Only two of the 15 analyzed monitoring samples exhibited non-significant relationships between the two methods.

![Comparison of community profiling based on sequencing and cultivation-based seed health test on different grain samples. Community profiling on a wheat field trial where plots were either not inoculated **(A)** or inoculated with *F. poae* **(B)**. Bars represent ranked mean OTU abundances determined by sequencing based community profiling (±SE, *n* = 4; gray bars indicate *Fusarium* OTUs abbreviated as described in **Figure [1](#F1){ref-type="fig"}**, white bars represent other fungal OTUs). Hatched bars represent incidence of *Fusarium* species determined by cultivation-based seed health test (±SE, *n* = 4), other fungal taxa could not be detected (nd). Spearman correlation index (*rho-*values) are given in the respective upper right corner demonstrating the statistical dependence between the ranking of *Fusarium* taxa of the two compared methods (^∗^*p* \< 0.05, ^∗∗^*p* \< 0.01). **(C)** Spearman correlation analysis (*rho-*values) of *Fusarium* taxa on wheat, maize and barley samples (*n* = 15). Closed circles indicate a significant correlation (*p* \< 0.05), open circles are not significant.](fpls-08-02019-g003){#F3}

*Fusarium* Abundance and Distribution along a Wheat-Maize Crop Sequence
-----------------------------------------------------------------------

Finally, we applied the newly developed methodology to a field experiment, where we traced the *Fusarium* community composition in the phyllosphere of different crops along a wheat-maize crop sequence. We investigated how the different cover crop and tillage treatments affected the *Fusarium* abundance along a wheat-maize sequence to get insights in the dispersal of specific *Fusarium* taxa (**Figure [4A](#F4){ref-type="fig"}**). *Fusarium* communities were analyzed in the wheat residues and in the different cover crop species before maize was sown, and finally in the grains of the subsequent maize crop. Overall, the relative abundances of *Fusarium* taxa were low and the fungal communities were dominated by other OTUs (Supplementary Figure [S5](#SM2){ref-type="supplementary-material"}). In wheat residues and cover crop shoots, only the *Fusarium* OTU *F.ave/tri* was detected, whereas in maize nine different *Fusarium* OTUs were detected of which *F.ave/tri*, *F.prol*, *F.gram, F.cul*, and *F.oxy* were among the 25 most abundant fungal OTUs (Supplementary Figure [S5C](#SM2){ref-type="supplementary-material"}). However, no significant difference in *Fusarium* taxa richness between different treatments (cover crop and tillage) was found within maize grains (data not shown).

![OSCAR field experiment investigating the effect of cover crop and tillage treatments on the diversity and dispersal of *Fusarium* fungi along a wheat-maize crop sequence. **(A)** Cover crops were applied either as undersown subterranean clover in winter wheat and re-sown after wheat harvest (clover), as leguminous (vetch) or non-leguminous (radish) cover crop both sown after wheat, and green fallow as control (ctrl). Tillage treatments were conventional inversion tillage (ct) and no-tillage (nt) applied before maize in the second year of the experiment. Each treatment was replicated 4 times. **(B)** Dispersal of the *Fusarium* OTU *F.ave/tri* along the crop rotation. Relative abundance of the OTU *F.ave/tri* (±SE, *n* = 4) in winter wheat residues, cover crop shoots and maize grains as affected by cover crop and tillage (tillage effect only in maize) treatments. Stars above bars indicate a significant difference within a sample type.](fpls-08-02019-g004){#F4}

*F.ave/tri* was the only *Fusarium* OTU that was detected throughout the wheat-maize crop sequence and thus only its dispersal could be analyzed for effects of cover crop or tillage treatments. While the relative abundance of the OTU *F.ave/tri* was rather low and similar among all treatments in wheat residues, it was substantially affected by the treatments in cover crops exhibiting a more than eightfold increase in vetch compared to the other treatments (**Figure [4B](#F4){ref-type="fig"}**). In maize grains, the abundance of *F.ave/tri* was highly variable and not even detected in some of the samples, therefore, treatment related patterns could not be statistically confirmed. Nonetheless, means of all no-tillage samples tended to be higher than under plowed conditions, particularly, the combination of no-tillage and vetch as cover crop exhibited the highest mean abundance (**Figure [4B](#F4){ref-type="fig"}**).

Fungal Community Dynamics along a Wheat-Maize Crop Sequence
-----------------------------------------------------------

In addition to *Fusarium*, we assessed the overall composition of fungal communities by means of the universal fungal approach (see Supplementary Results for further information) using SMRT sequencing. We found substantial differences in fungal community composition along the wheat-maize sequence, mainly between the different sample types (wheat residues, cover crop shoots and maize grains; **Figure [5A](#F5){ref-type="fig"}**). Further, we investigated the effect of cover crop and tillage treatments (the latter only for maize) on fungal communities separately for the different sample types. In wheat residues collected at the end of cover cropping period, the fungal communities were only slightly affected by cover crop treatments (**Figure [5B](#F5){ref-type="fig"}**). In contrast, the analysis of the cover crop shoots revealed species-specific fungal communities in the phyllosphere of different cover crops (**Figure [6A](#F6){ref-type="fig"}**). The influence of cover crop treatments to β-diversity was large (CAP revealed 77% of variance is explained by the constrained factor "cover crop treatment"; **Figure [6A](#F6){ref-type="fig"}**) and all four treatments harbored significantly different fungal communities based on pair-wise comparison (Supplementary Table [S7](#SM3){ref-type="supplementary-material"}). Finally, we did not find an effect of the factors cover crop nor tillage to have an influence on the fungal communities in maize grain samples (**Figure [5C](#F5){ref-type="fig"}**).

![Effect of sample type and treatments on fungal community structure along a wheat-maize cropping sequence. CAP ordinations of Bray--Curtis similarities calculated based on relative OTU abundances showing major differences among fungal communities induced by sample types and different treatments. **(A)** The constrained factors (sample type ^∗^ cover crop treatment) explain 58% of variance (*p* = 0.001) between the fungal communities along the cropping sequence. **(B)** In wheat residues, the constrained factors (cover crop treatment, conditioned for block effect) explain 26% of variance (*p* = 0.029) between the fungal communities. **(C)** In maize grains, the constrained factors (cover crop and tillage treatment) explain 23% of variance (*p* = 0.49) between the fungal communities. Percentages indicated for each axis referring to their contribution to the constrained variation.](fpls-08-02019-g005){#F5}

![Effect of cover crops on its associated fungal communities. **(A)** CAP ordination of Bray--Curtis similarities calculated based on relative OTU abundances showing major differences among fungal communities induced by different cover crop treatments. The constrained factors (cover crop treatment) explain 77% of variance (*p* = 0.001) between the fungal communities. Percentages indicated for each axis referring to their contribution to the constrained variation. Cover crop sensitive OTUs are displayed in the corresponding color (clover: light green, vetch: dark green, radish: yellow and control: black). **(B)** Relative abundances of cover crop sensitive OTUs. Dendrogram is based upon Bray--Curtis distances among fungal communities in cover crop samples. Stars next to OTU names indicate potential plant pathogenic phylogenetical background. Taxonomical assignment (genus) of cover crop sensitive OTUs is indicated on the right if available.](fpls-08-02019-g006){#F6}

Complementary to the examination of diversity patterns, we also identified treatment-sensitive OTUs based on indicator statistics (see Supplementary Results for further information). However, we found only treatment-sensitive taxa in the cover crop samples (**Figure [6B](#F6){ref-type="fig"}** and **Table [1](#T1){ref-type="table"}**). Remarkably, vetch and weeds sampled on the control plots harbored several treatment-sensitive OTUs linked to plant pathogens. One of these is the *Fusarium* OTU *F.ave/tri* only characteristically associated to vetch. Moreover, OTUs assigned to the wheat pathogens *Zymoseptoria tritici* and *Parastagonospora nodorum*, both causing wheat leaf blotch, were more abundant in vetch samples (**Figure [6B](#F6){ref-type="fig"}** and **Table [1](#T1){ref-type="table"}**). In addition, the control plots harbored also several potential plant pathogens including OTUs assigned to *Z. tritici* and *Oculimacula yallundae* (**Figure [6B](#F6){ref-type="fig"}** and **Table [1](#T1){ref-type="table"}**). Taken together, different cover crop practices exhibited distinct fungal communities of which vetch and weeds on the control plots harbored the highest phytopathological risk.

###### 

Taxonomic assignments of treatment sensitive taxa in cover crops.

            Phylum          Class                Order              Family                 Genus                 Species              OTU           Plant association
  --------- --------------- -------------------- ------------------ ---------------------- --------------------- -------------------- ------------- ---------------------------
  Clover    Ascomycota      Leotiomycetes        Helotiales         Hyaloscyphaceae        *Hyphodiscus*         *H. hymeniophilus*   otu310^∗^     --
            Basidiomycota   Microbotryomycetes   Leucosporidiales   Leucosporidiaceae      *Mastigobasidium*     *M. intermedium*     otu613        Epiphyte^1^
                                                                                                                                                    
  Vetch     Ascomycota      Dothideomycetes      Capnodiales        Mycosphaerellaceae     *Zymoseptoria*        *Z. tritici*         otu1414^∗^    Pathogen (wheat)^2^
            Ascomycota      Dothideomycetes      Pleosporales       Phaeosphaeriaceae      *Parastagonospora*    *P. nodorum*         otu1134^∗^    Pathogen (wheat)^3^
            Ascomycota      Sordariomycetes      Glomerellales                                                                        otu2093^∗^    --
            Ascomycota      Sordariomycetes      Hypocreales        Nectriaceae            *Fusarium*            *F. tricinctum*      *F.ave/tri*   Pathogen (cereals)^4^
                                                                                                                                                    
  Radish    Ascomycota      Dothideomycetes      Pleosporales       Pleosporaceae                                                     otu485^∗^     --
            Ascomycota      Dothideomycetes      Pleosporales       Pleosporaceae                                                     otu1835^∗^    --
            Basidiomycota   Tremellomycetes      Tremellales        Cystofilobasidiaceae   *Cystofilobasidium*   *C. capitatum*       otu141^∗^     Epiphyte^5^
                                                                                                                                                    
  Control   Ascomycota      Dothideomycetes      Capnodiales        Mycosphaerellaceae     *Zymoseptoria*        *Z. tritici*         otu469^∗^     Pathogen (wheat)^2^
            Ascomycota      Dothideomycetes      Pleosporales                                                                         otu8          --
            Ascomycota      Leotiomycetes        Helotiales         Incertae sedis         *Oculimacula*         *O. yallundae*       otu299        Pathogen (wheat)^6^
                                                                                                                                      otu399        
            Ascomycota      Leotiomycetes        Helotiales         Incertae sedis         *Helgardia*                                otu1625       
            Basidiomycota   Microbotryomycetes   Leucosporidiales   Leucosporidiaceae      *Leucosporidium*      *L. golubevii*       otu1380       Epipyte^7^
            Basidiomycota   Tremellomycetes      Tremellales        Tremellaceae           *Cryptococcus*                             otu1771       --
            Basidiomycota   Tremellomycetes      Tremellales        Tremellaceae           *Cryptococcus*        *C. victoriae*       otu567        Epipyte^8^
            Basidiomycota   Tremellomycetes      Tremellales        Tremellaceae           *Cryptococcus*        *C. neoformans*      otu2113^∗^    Pathogen (Arabidopsis)^9^
                                                                                                                                                    

Taxonomy was assigned by making use of the UNITE or RDP (indicated with

∗

) database (for details see Material and Methods). Indications on the ecology of plant association was based on the following references;

Nakase and Suzuki, 1987

1

;

King et al., 1983

2

;

Solomon et al., 2006

3

;

Parry et al., 1995

4

;

Glushakova and Chernov, 2010

5

;

Crous et al., 2003

6

;

Sampaio et al., 2003

7

;

Montes et al., 1999

8

;

Xue et al., 2007

9

, "--": no plant association reported.

Discussion
==========

Suitability of the Ribosomal Operon to Discriminate among *Fusarium* Species
----------------------------------------------------------------------------

The first objective of this study was the development of a sequencing-based methodology that robustly quantifies *Fusarium* taxa in shoot and grain samples. In addition, we aimed to develop an approach allowing to focus on *Fusarium*, but also assessing other fungi associated to crops. By making use of a long amplicon spanning the entire ITS and the 3′-end of the LSU including the highly variable segments D1, D2, and D3 in combination with clustering against a comprehensive reference sequence database, we were able to determine *Fusarium* beyond the morphological species resolution based on the prime target region for fungal barcoding, the ribosomal operon ([@B82]). Moreover, the present study represents the first attempt to combine the highly variable segments ITS and D1--D3 in a long amplicon for fungal profiling in high resolution, both displaying most favored segments of the ribosomal operon for fungal barcoding ([@B80]; [@B59]). The combination of these two segments generates an additive value for fungal community profiling as we could demonstrate for the genus *Fusarium*. The combined segment allowed to discriminate between the tested *Fusarium* taxa, while the two segments on their own were less powerful in terms of resolution, and moreover, in terms of species assignments of individual isolates. The D1--D2 segment revealed mainly a poor taxonomic resolution as reported earlier ([@B65]). In contrast, the ITS segment on its own revealed weaknesses in clustering isolates to the corresponding *Fusarium* species. This might be caused by paralogous sequences in the ITS segment known to occur within *Fusarium* species and making taxonomic assignments based on the ITS segment difficult ([@B95]; [@B60]).

However, using the sequence combining the ITS and D1--D3 segment, only the two of the tested *Fusarium* species *s.l.*, *F. avenaceum* and *F. tricinctum*, have not been separated properly. This is not surprising as both belong to a large species complex known to be not easily distinguishable with ribosomal tools ([@B103]). In contrast, the species *F. equiseti* is separated into two clusters based on our analysis. This agrees with previous studies on the phylogeny of *F. equiseti* revealing high genetic diversity and two distinct clusters within this species ([@B64]; [@B52]).

In conclusion, the newly developed methodology is able to identify *Fusarium* down to morphological species level or even beyond. This ability displays an important feature for a diagnostic tool as conclusions on the phytopathological risk of *Fusarium* taxa can only be drawn on species level, because pathogenicity as well as mycotoxin production largely differs among *Fusarium* species and even among isolates ([@B3]; [@B9]). For instance, among isolates of the species *F. graminearum* and *F. poae*, different chemotypes exhibiting distinct mycotoxin profiles have been identified ([@B37]; [@B85]; [@B86]; [@B68]). Moreover, [@B52] found different mycotoxin profiles among two isolate clusters of *F. equiseti* which may be coherent with the two distinct *F. equiseti* OTUs we found in the present study (**Figure [1B](#F1){ref-type="fig"}**). However, recent development on *Fusarium* phylogeny has revealed that the morphological species concept misses parts of the phylogenetic diversity of this genus ([@B62]). Hence, the taxonomical resolution assessed with the methodology introduced in this study might partially underrepresent the *Fusarium* diversity. Nevertheless, other recent high-throughput approaches did not exceed the taxonomical resolution of our study and also resolve within morphological species boundaries ([@B38]).

Validation of the Diagnostic Power of the Newly Developed Methodology
---------------------------------------------------------------------

Besides its resolution, the newly developed methodology showed its diagnostic power in the validation based on mock communities and in the comparison to the assessment of *Fusarium* communities with the cultivation-based SHT. In the mock communities, we found a twofold difference between the most and the least abundant species in the equal community displaying a similar accuracy as in other sequencing-based *Fusarium* profiling methods ([@B38]). Particularly, *F. graminearum* was overrepresented in the mock communities. It is important to note that the mock communities were just equilibrated by mixing equal amounts of genomic DNA, and thus, differences in copy numbers of the ribosomal operon ([@B73]), and in addition, differences in genome size could have resulted in various ratios of the ribosomal operon to total DNA concentration. For example, the genome of *F. graminearum* has been estimated to be relatively small compared to *F. oxysporum* and *F. verticillioides* ([@B51]), thus *F. graminearum* exhibits relative higher number of copies of the genome with equal DNA amount. Overall, however, the quantitative relationship between species was well displayed with the newly developed methodology.

Similarly, the comparison with SHT revealed a high correlation between *Fusarium* communities assessed with the two different approaches. This is somewhat surprising considering the inherent differences between cultivation- and sequence-based approaches, but also demonstrates the robustness of both methods. More importantly, both approaches were able to detect the epidemic threat of *F. poae* in the inoculation field experiment, thus demonstrating the usability of both approaches to track taxa-specific FHB causing species in grain samples. In addition, the newly developed methodology allows a perspective beyond *Fusarium* fungi as other fungal species are also assessed, which can reveal further phytopathological risks as revealed for the OSCAR field experiment in the current study.

A major drawback of the newly developed methodology is its dependency on a suitable reference sequence database to reach highest taxonomical resolution. We established a comprehensive reference sequence database starting with 44 *Fusarium* isolates collected in Swiss agro-ecosystems. This resulted in a reference sequence database of 23 unique sequences covering a large range of *Fusarium* species *s.l*. occurring in Swiss cereal and maize fields ([@B21]; [@B92]). In the herein presented test case, the OSCAR field experiment, all OTUs assigned to the genus *Fusarium* were OTUs clustering to the reference sequence database. This illustrates that the *Fusarium* reference sequence database used covers the major diversity of *Fusarium* taxa in Swiss cereal and maize fields. Temporarily, the newly developed methodology is relying on hand-curated reference sequence database spanning the ITS and D1--D3. The current fungal sequence databases comprise the ITS (UNITE; [@B42]), or just the D1-D2 segment alone (RDP; [@B12]), but there is not yet a sequence database available combining these two potent target regions. Nevertheless, due to the increased use of SMRT sequencing and the improved throughput of Pacific Bioscience with the newly developed 'SEQUEL' system^[2](#fn02){ref-type="fn"}^, more reference sequence databases comprising longer sequences will probably be developed in the near future, which will help to overcome the limitation of the newly developed methodology.

*Fusarium* Diversity and Distribution along the Wheat-Maize Crop Sequence
-------------------------------------------------------------------------

The focus of the herein introduced methodology lies on *Fusarium* fungi causing one of the globally most noxious plant diseases, particularly in small grain cereals and maize ([@B67]; [@B16]). Overall, the abundance of *Fusarium* was rather low and other taxa dominated the fungal communities. Only in maize, a considerable *Fusarium* diversity comprised of nine different species could be detected. This is comparable to the species richness defined in grain samples in another sequence-based *Fusarium* community study in winter wheat ([@B39]). However, earlier studies have found up to 20 species to be associated with cereals ([@B100]; [@B10]; [@B21]). In contrast to maize, only a single *Fusarium* OTU, *F.ave/tri*, was detected in wheat residues and shoots of cover crops and weeds. This very low species richness is unexpected as most of the *Fusarium* species found in maize grains are also able to colonize crop residues ([@B55]; [@B99]), and have been isolated from a wide range of other plants including different weed species ([@B36]; [@B43]). Generally, however, it is important to note that the low extent of *Fusarium* fungi found in the investigated field experiment is probably related to the dry weather in 2014/2015 that resulted in an overall low incidence of FHB in Switzerland ([@B81]).

The dispersal of only *Fusarium* OTU *F.ave/tri* could be analyzed along the crop sequence in this study. This OTU comprises the *Fusarium* species *F. avenaceum*, which is along with *F. graminearum* one of the predominant pathogens of FHB ([@B67]; [@B99]). The abundance of the *Fusarium* OTU *F.ave/tri* revealed interesting effects of cover crop and tillage treatments on its dispersal along the crop sequence. While its abundance was not affected by any treatment in wheat residues, a substantial higher abundance of *F.ave/tri* was found in vetch compared with the other cover crop species and weeds of the control treatment. This interesting pattern was less explicit in maize grains, where the abundance of *F.ave/tri* was highly variable. Nonetheless, the reported mean abundances of *F.ave/tri* in maize indicate that the cover crop vetch in combination with no tillage has the potential to increase the dispersal along the crop sequence. This finding is supported by an earlier study showing that *F. avenaceum* was more frequently associated with cereals in sequence with leguminous crops under reduced tillage ([@B27]). It is generally known that prevalence of *Fusarium* is greatest for no-tillage and reduced under conventional tillage ([@B5]; [@B17]). Up to now, this was mainly attributed to the fact that most of *Fusarium* species depend on proliferation on crop residues, which serve as inoculum for the following crop ([@B99]). However, we demonstrate here that certain cover crops act as alternative hosts of *Fusarium* and hence could represent another inoculum source for FHB in a crop sequence.

Distinct Fungal Communities along a Wheat-Maize Crop Sequence
-------------------------------------------------------------

The application of the newly developed methodology to track crop-associated fungi along a wheat-maize sequence depicted at first sight that the three sample types, wheat residues, cover crop shoots and maize grains, harbored structurally highly distinct fungal communities. This is not surprising as the sample types represented different substrates, including plant debris and living plants, and additionally originate from different plant species. It has been broadly shown that the species of a plant displays a major driver shaping microbial communities inhabiting its phyllosphere ([@B72]; [@B70]; [@B40]). Moreover, the herein reported impact of sample type has also a temporal component as the sample types have not been harvested at the same time. Temporal effects have also shown to significantly affect microbial community structures in agro-ecosystems ([@B50]; [@B44]).

While we found substantial differences between sampling types, the impact of the different cropping measures on fungal communities was not apparent throughout the crop sequence. The cover crop treatment was only a significant driver of fungal community structure in cover crop shoot samples. It is important to note that in the sample type cover crop shoots, different plant species have been sampled in the different treatments, which can be a major driver of the microbial community structure of the phyllosphere as we just have observed (see above). The fungal communities of the leguminous cover crops, clover and vetch, clustered closer together compared to the other two treatments hosting phylogenetical more distant plant species. This finding is supported by earlier studies indicating that phylogenetic distance of host plants contributes to diversification of associated microbial communities ([@B45]; [@B77]).

Although we could report substantial differences in the fungal communities of cover crops, this had no impact on the fungal communities in the subsequent crop maize. Fungal communities of maize grains were not affected by cover crop or tillage treatments. Hence, we must conclude that the distinct fungal communities associated to cover crops have not been spread or established in the subsequent maize under the investigated condition and that the phyllosphere of previous crops may not be the main source for the recruitment of the phyllosphere community of the current crop. Indeed, so far it is still unclear how microbial communities in the phyllosphere establish. Further studies have to elucidate how the recruitment *via* other plants, soil or air contribute to the establishment of phyllosphere communities ([@B94]).

Phytopathological Risks of Different Cover Crop Treatments
----------------------------------------------------------

Several cover crop treatment-sensitive fungal taxa were identified. The fungal communities of vetch and weeds sampled in the control treatment were characterized by several OTUs assigned to plant pathogens, while clover and radish treatments did harbor commensal plant epiphytes. Particularly vetch revealed a high potential to act as alternative host for noxious plant pathogens featuring besides the *Fusarium* OTU *F.ave/tri* also an OTU assigned to *Zymoseptoria tritici*, a major fungal plant pathogen ([@B15]). The weed species of the control treatment hosted also plant pathogens, particularly of wheat (*Z. tritici* and *Oculimacula yallundae*). It is important to note that weed samples also include volunteer wheat regrown on the control plots (up to 30% of surface cover; data not shown), which may explain the prominent role of wheat pathogens in the weed sample. In summary, the distinct fungal communities found in cover crops feature diverging phytopathological risks for a crop sequence by acting as alternative host of noxious plant pathogens. However, the phytopathological risks found in cover crops were not apparent in the subsequent crop maize of the current experiment (see above).

Conclusion
==========

We tested and developed a new sequencing based methodology for fungal community profiling that allows to detect fungal pathogens from the genus *Fusarium* beyond the morphological species level based on the highly variable segments of the ribosomal operon. We demonstrate that the herein introduced method is a powerful diagnostic tool to track *Fusarium* communities in combination with other fungal pathogens and non-pathogenic fungi associated to crop species. By analyzing a field experiment, we revealed that cover crops differ in their potential to act as alternative hosts for *Fusarium*, and moreover to host further fungal plant pathogens including *Z. tritici*. Hence, the choice of cover crops with respect to their phytopathological risk displays an important feature to improve the control of FER and FHB epidemics along a crop sequence.
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